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ABSTRACT 
An outdoor test was conducted on a prefabricated column-pile cap-pile system at a cohesive soil 
site. The half-scale test unit consisted of a precast bridge column, a precast pile cap, and eight steel 
piles. The components were connected utilizing socket connections that were preformed in the pile 
cap with corrugated steel pipes. To evaluate the system performance and the behavior of various 
connections, the test unit was subjected to combined vertical and lateral loads at service conditions 
as well as at conditions representing extreme events. The test unit remained undamaged under the 
loads representing the service conditions, and a plastic hinge was formed in the column under 
loading conditions representing a seismic event. The column and pile connections exhibited 
excellent behavior as they maintained fixity with the formation of a column plastic hinge. The 
outdoor test demonstrated that up to 40% column top displacement was produced by foundation 
flexibility at the service conditions. The description of the outdoor test and key results are included 
in this paper. 
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INTRODUCTION 
Prefabricated components for bridges and other structures have several advantages over 
conventional cast-in-place components as they can be used to repair and build structures faster and 
better (Culmo 2011). Given their advantages, prefabricated components have been continuously 
gaining momentum. However, there are very few projects that have utilized prefabricated 
components to construct the entire column-pile cap-pile systems. An important concern for the 
prefabricated column-pile cap-pile system is the lack of efficient and easily deployable 
connections between the key prefabricated components. If a full prefabricated column-pile cap-
pile system is desired, the connection between column and pile cap as well as the connections 
between pile cap and piles must be able to transfer loads under service conditions dependably and 
preferably remain elastic when the structure is subjected to extreme events including earthquakes. 
The seismic design takes advantage of the deliberate formation of plastic hinges in preselected 
locations and protects all the other regions against damage by maintaining an elastic response. For 
typical column-pile cap-pile systems, practices seek to design plastic hinges at the column ends. 
Therefore, the column connection and pile connections to the pile cap need to sustain high design 
forces resulting from the formation of column plastic hinges, making their designs more 
challenging. 
Several methods have the potential to establish connections for prefabricated column-pile cap-
pile systems. As per NCHRP Report 698 (Marsh et al. 2011), they are classified as: 1) splicing of 
reinforcements of adjoining prefabricated elements using mechanical couplers or Ultra-High 
Performance Concrete (UHPC) (Ameli and Pantelides 2017; Haber et al. 2014; Shafieifar et al. 
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2018); 2) grouted ducts to embed individual reinforcement extending from one component to 
another (Restrepo et al. 2011); 3) preformed pockets for embedding a group of projected 
reinforcements (Restrepo et al. 2011); 4) preformed sockets for embedding the end of members; 
5) casting a concrete member surrounding the prefabricated member (Haraldsson et al. 2013), and 
6) post-tensioning (Culmo 2009). Among these connection types, the socket connection offers 
numerous advantages including compatibility with prefabricated components, ample installation 
tolerance, and simplified construction procedure, making this type of connection more desirable 
for field implementations. 
The feasibility of using socket connections for prefabricated columns has been investigated in 
the past. Motaref et al. (2011) and Kavianipour et al. (2013) tested socket connections between 
precast columns and precast footings. The octagonal-shaped sockets were performed in the precast 
footings and then filled with high strength grout. The column embedment length was 1.5 times the 
column diameter in both studies. The tests showed successful development of column plastic 
hinges with column axial load ratio of 6.3% and 8.8%, respectively. Mehrsoroush and Saiidi (2016) 
used corrugated steel pipe (CSP) to create sockets. This study, which applied a maximum axial 
load ratio of 5.6%, showed that a column embedment length of 1.2 times column diameter was 
adequate to form plastic hinges in the column. Mohebbi et al. (2017) tested a socket connection 
for a square column with an axial load ratio of 14.4%. Results revealed that the column embedment 
length equal to the column side dimension was sufficient to develop the column plastic moment. 
Cheng and Sritharan (2019) evaluated the side shear strength of socket connections under uniaxial 
loads. Test results showed that the side shear mechanism can provide significant resistance, 
facilitating high axial loads to be sustained. The study also provided design limits for side shear 
stress in socket connections. 
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The socket connections by embedding steel H-piles were tested under axial load, and the 
results indicated that the axial strength of the socket connection was at least as good as that of a 
comparable cast-in-place connection (Wipf et al. 2009). Shama et al. (2002) evaluated the behavior 
of a pile-to-pile cap connection with the pile embedment length of 2.8 times pile depth. In this 
study, the connection remained essentially undamaged when the combined axial and lateral loads 
caused failure in the piles. Xiao et al. (2006) demonstrated that, using shallow embedment length 
of 0.36 times pile depth, the pile-to-pile cap connection can sustain a significant amount of moment, 
while localized brittle failure was observed in the connection.  
Motivated by using prefabricated components in bridge substructures, previous studies 
examined the feasibility of connecting either precast columns or steel piles to footings (or pile cap) 
using socket connections, but not both in the same unit. Consequently, the footing was not 
subjected to realistic loads. This study not only developed a prefabricated system for the entire 
column-pile cap-pile unit, but also investigated the performance of the connections and system 
through an outdoor test. The paper describes the newly developed column-pile cap-pile system 
that is suitable for using prefabricated components and presents the findings from the outdoor 
proof test.  
CONCEPTUAL DESIGN OF A PRECAST PILE CAP 
Addressing the challenges of constructing a prefabricated column-pile cap-pile system, a 
precast pile cap with preformed column and pile sockets (Fig. 1a) was developed. By embedding 
a precast column and steel piles into the column socket and pile sockets, respectively, with the use 
of closure pours, the construction of the column-pile cap-pile system can be completed in a 
shortened period. The sockets can be accomplished using commercially available CSP due to its 
low cost and readily available in different sizes. In addition to serving as stay-in-place formwork, 
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CSP offers confinement effects to the connection material while its corrugations provide a robust 
load transfer mechanism (UDOT 2017). The column socket is intended to penetrate the pile cap 
partial for multiple reasons. First, this allows the precast column to be supported on the bottom of 
the pile cap during assembly. Second, the bottom mat reinforcement of the pile cap can be 
continuous below the column, which also helps to minimize punching failure of the column 
through the soffit of the pile cap. Third, the bottom of the socket connection does not need to be 
sealed during the closure pour. Finally, given the stress limits suggested by Cheng and Sritharan 
(2019), the partial penetration is sufficient to transfer column axial force through the side shear 
mechanism and without increasing the depth of the pile cap, eliminating any significant increase 
in the weight or cost of the pile cap. 
The pile sockets are envisioned to fully penetrate through the pile cap to facilitate closure 
pours from the top of the pile cap. The upper portion of the pile socket is made in the shape of a 
cone, facilitating the required distribution of the top mat reinforcement in the pile cap. A straight 
CSP option for the entire pile cap depth was also considered for the pile pocket, which required 
numerous notches to be cut in all CSPs to place the top mat reinforcement, and thus this option 
was not pursued. 
As illustrated in Fig. 1b, to assemble the column-pile cap-pile system, the following steps are 
planned: 1) drive steel piles into the ground by employing a template to maintain the piles at the 
appropriate location; 2) install the friction collars to the piles and place sealing pads made from 
plywood on top of the friction collars to close the bottom opening of the pile sockets; 3) support 
the precast pile cap on the friction collars, allowing the piles to be extended into the pile sockets; 
4) erect and brace the precast column into the column socket; and 5) fill the column socket and 
pile sockets with grout and self-consolidating concrete (SCC), respectively. The clearance between 
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the CSP and precast column in the column socket was small, which makes high-strength grout 
with fluid consistency more suitable. Grout is not appropriate when the gap requiring infill is wider 
as it will introduce more flexibility and potential cracking within the grout. In this situation 
concrete is preferred. Since vibrating the concrete inside the pocket was a concern, SCC was 
chosen for the pile sockets. Instead of directly positioning the pile cap on the ground, the use of 
friction collars allows quick assembly of the system in all types of ground conditions. Friction 
collars are designed to carry the weights of the pile cap, column, and upper structural components 
before SCC reaches an adequate strength. Therefore, construction can continue on the day after 
completing the closure pours, at which point high early-strength grout would reach the specified 
compressive strength of 44.8 MPa (6500 psi). After SCC reaches its specified short-term strength 
(e.g., at the age of 7 days), the friction collars can be removed. 
TEST PLAN 
An experimental test plan was formulated to investigate the performance of the proposed 
prefabricated column-pile cap-pile system. The prototype was a three-span prestressed concrete 
bridge with a 27-m (87-ft) midspan and two 14-m (46-ft) end spans. The pier of the prototype 
bridge consisted of two precast concrete columns, and eight steel H-piles capped with a precast 
pile cap that supports each column. For the columns, the longitudinal reinforcement ratio was 
1.71%, and the transverse reinforcement ratio of 0.88% was determined following the approach of 
Priestley et al. (1996) to fully develop the column flexural capacity. Battered piles were used at 
the corners of the pile cap in conjunction with four straight piles. Using this prototype structure, a 




The outdoor test was conducted at a cohesive soil site close to the campus of Iowa State 
University. Subsurface exploration was performed using a cone penetration test (CPT) to the depth 
of 15 m (50 ft) below the ground, which indicated that soil at the test site mainly consists of stiff 
clay with a 1.5-m (5-ft) thick sand layer at the depth of 10 m (33 ft). The CPT data obtained at the 
test site is comparable to that reported in Sritharan et al. (2007). The average tip resistances in the 
0-m (0-ft) to 9.3-m (30.5-ft), 9.3-m (30.5-ft) to 10.8-m (35.5-ft), and 10.8-m (35.5-ft) to 15 m (50 
ft) depth ranges were 2.4 MPa (25 tsf), 12.5 MPa (130 tsf), and 4.8 MPa (50 tsf), respectively. The 
water table was at approximately 2.3 m (7.5 ft) below the ground surface at the time of testing. 
Details of Test Unit 
The half-scale test unit incorporated a column, a pile cap, and eight steel H-piles. The column 
diameter was scaled to 0.46 m (1.5 ft), and the height of the column was chosen to be 2.13 m (7 
ft), resulting in a column with a height-to-depth ratio of 4.67. The column embedment length was 
chosen to be equal to the column diameter, as per Mohebbi et al. (2017), to investigate the 
possibility of establishing an effective connection. Limiting the column embedment length is 
important as it minimizes the required pile cap depth. Under a column axial load ratio of 25%, the 
side shear stress corresponding to this embedment length would be 1.7 MPa (246 psi), which is 
25% of the stress limit proposed by Cheng and Sritharan (2019). Combining with the 0.46-m (1.5-
ft) embedded portion, the total column length was 2.44 m (8.5 ft). According to Cheng and 
Sritharan (2019), the embedded column end was intentionally roughened to exposed aggregate 
finish. As shown in Fig. 2a, the column was reinforced with fourteen #16M (#5) longitudinal 
reinforcing bars and a continuous #10M (#3) reinforcing spiral at a spacing of 76 mm (3 in.), 
resulting in identical reinforcement ratios to these of the prototype. For applying the vertical and 
lateral loads, a 1 m (3.5 ft) by 1 m (3.5 ft) by 0.61 m (2 ft) loading block was created to the top of 
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the column. Fig. 2b shows the pile layout used for the test unit, in which the four corner piles were 
battered at a 1 horizontal to 6 vertical slope as in the case of the prototype structure. The piles for 
the test unit were scaled to be U.S. W 6 × 20 beams, and the length of the piles were determined 
to be 15 m (50 ft) based on the unit friction of 23.4 kN/m (1.6 kip/ft) for firm silty glacial clay and 
a geotechnical resistance factor of 0.6. The dimensions of the pile cap were 1.83 m (6 ft) by 1.83 
m (6 ft) in plan and 0.61 m (2 ft) in depth. As per the requirements of flexural, one-way shear, and 
two-way shear (AASHTO 2017), the bottom reinforcement mat in the pile cap consisted of 
fourteen #13M (#4) reinforcing bars in each direction, and the top mat included twelve bars of the 
same type in each direction. The vertical reinforcements were #10M (#3) fully lapped stirrups with 
180° hooks at both ends. These reinforcements were placed between the CSPs. Additional 
reinforcing bars with 90° hooks at both ends were provided underneath the column socket to avoid 
punching failure. As shown in Fig. 2b, a partially penetrated socket and eight fully penetrated 
sockets were designed for the pile cap. The depth of the column socket was 483 mm (19 in.) to 
incorporate the column embedment length. Following the routine design practices (Iowa DOT 
2018) and previous studies, the pile embedment length of 229 mm (9 in.) was selected, 
corresponding to 1.5 times the depth of the pile. CSPs with a thickness of 1.29 mm (0.051 in.) for 
creating column socket and pile sockets met the requirements of AASHTO M 218 (2016). The 
nominal inside diameter of the column socket CSP was selected to be 0.53 m (1.75 ft), which was 
the smallest commercially available size fitting the 0.46-m (1.5-ft) diameter column. The 0.46-m 
(1.5-ft) diameter CSPs were used for pile sockets from considerations of construction tolerances 




The column and the pile cap were prefabricated at the Structural Engineering Research 
Laboratory of Iowa State University, transported to the field site, and connected to the driven piles. 
To achieve the desired surface roughness on the end portion of the column (Fig. 3a), a chemical 
formwork retarder was applied on the formwork interior surface, followed by power-washing the 
laitance after hardening of the concrete mass at the age of 3 days. When constructing the pile cap, 
the pipe diameter reducers were used to create the cone-shaped upper portions of the pile sockets. 
As seen in Fig. 3b, the CSP for creating the column socket was suspended from a crossing beam 
that was clasped to the formwork, and its bottom end was temporarily closed by a round plywood 
board. The crossing beam and the plywood were removed after the concrete set.  
To ensure that the piles were driven at the right location, a template was secured to the ground. 
Because piles with high slenderness ratio may buckle during driving, each 15-m (50-ft) long pile 
was made from two 9-m (30-ft) long segments. After the first 9-m (30-ft) pile segments were 
driven into the ground, the second 9-m (30-ft) segments were spliced by full penetration groove 
welds and subsequently driven. Once the designed pile penetration depth was reached, the extra 
length was cut, such that the tip of all piles was on the same horizontal plane. As seen in Fig. 3c, 
the friction collars were then attached to the piles. The height of the friction collars was adjusted 
such that the pile cap would be positioned at 0.3 m (1 ft) above the ground. The gap between the 
pile cap and ground was to eliminate the passive earth pressure acting on the pile cap and to provide 
access to the bottom of the pile cap for test observation and instrumentation purposes. The plywood 
pads with rubber foam strips attached around their perimeters were placed on the friction collars 
in order to seal the bottom opening of the pile sockets. After positioning the pile cap on the friction 
collars and erecting the column into the socket, grout and SCC were poured on the same day to 
secure the column socket and the pile sockets, respectively. To establish a strong and durable 
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connection, grout with the following properties was chosen to fill the column socket: high-strength, 
non-shrink, fluid consistency, extended working time, and high-early-strength. The grout gained a 
compressive strength of 60.9 MPa (8834 psi) in 24 hours and SCC achieved 31.8-MPa (4613-psi) 
compressive strength at the age of 7 days, at the point the friction collars and the plywood pads 
were removed from the test unit. The completed test unit is shown in Fig. 3d. 
Material Properties 
The strength of concrete and grout on the day of testing were obtained from uniaxial 
compression tests on standard 102 mm (4 in.) by 204 mm (8 in.) cylinders and 50-mm (2-in.) cube 
specimens, respectively. The properties of the reinforcement were established from uniaxial 
tension tests for each reinforcement type. Table 1 lists the material properties of the test unit 
components, which also include the pile steel properties reported in the mail certificate. 
Test Setup and Instrumentation 
A reaction frame and a reaction column, as shown in Fig. 4, were constructed at the test site 
for applying the vertical and lateral loads to the test unit, respectively. The reaction frame was 
composed of four U.S. HP 14 × 73 anchor piles driven to 15 m (50 ft) into the ground, the main 
reaction beam, two short clamping beams attached to each end of the reaction beam, four hollow 
hydraulic cylinders placed on top of the clamping beams and connected to the anchor piles using 
post-tensioning rods. The hydraulic cylinders pushed the main reaction beam down as they were 
pressured to elongate, inducing vertical loads to the column while subjecting the anchor piles to 
tension. A friction pendulum bearing was installed between the column loading block and the main 
reaction beam. This bearing was used to transfer the vertical loads from the main reaction beam to 
the column with minimal friction against lateral load, while allowing translation and rotation of 
the column. The lateral reaction column was composed of five precast column segments and a 1.8-
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m (6-ft) diameter, 12-m (40-ft) deep drilled shaft foundation, which was connected together 
through four post-tensioned rods anchored into the drilled shaft. A double-acting hydraulic 
actuator controlled by an electric servo pump was attached between the column loading block and 
the reaction column. This 667-kN (150-kips) actuator with ±508 mm (±20 in.) stroke was used to 
apply lateral loads to the top of the column. 
The exterior instrumentation included calibrated load cells and displacement transducers 
mounted to the column, pile cap, and piles. In addition, the test unit was heavily instrumented with 
over 130 strain gauges attached to the reinforcements and piles. The locations of some key strain 
gauges are indicated in Fig. 2. Data from the instruments were collected using acquisition systems 
at a recording frequency of 5 Hz. 
Load Protocol 
The outdoor test of the column-pile cap-pile system consisted of two phases. Each phase 
applied a combination of the vertical and lateral load as shown in Fig. 5. It should be noted that 
the applied lateral loads (Fig. 5) were over the target value to overcome friction in the pendulum 
bearing. Phase I testing was performed with a load combination representing the non-seismic 
design loads. As reported in Cheng and Sritharan (2019), axial load acting in a cyclic manner may 
cause more damage to the column socket connection than a monotonic load. Hence, the cyclic 
vertical loads were first applied in Phase I to fully examine the connection behavior.  After that, 
the reversed cyclic lateral loads were applied at a rate of 2.22 kN/s (0.5 kip/s) while the vertical 
load was maintained. The target vertical load was 1112 kN (250 kips), corresponding to a column 
axial load ratio of 0.25. The target lateral load was determined to be 55.6 kN (12.5 kips), which 
represented the vehicular breaking force, wind pressure, and force effect due to uniform 
temperature acting on the bridge as per the design procedure (Iowa DOT 2018). The target values 
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for both vertical and lateral loads were achieved in five steps with three cycles at each loading step. 
Phase II was conducted as seismic testing with a reduced vertical load of 445 kN (100 kips), 
corresponding to a column axial load ratio of 0.1. Following the vertical load application, the 133-
kN (30.7-kips) lateral load that was expected to cause yielding of the column longitudinal 
reinforcement was achieved in four steps with three cycles at each load step. The loading rate was 
consistent with that of Phase I. Subsequently, the test unit was subjected to a reversed cyclic lateral 
displacement history with a loading rate of 2.54 mm/s (0.1 in./s). The peak of each step was 
controlled by the measured displacement at the location where the lateral load was applied, and 
the displacement was increased in steps such that the column top lateral displacement of ±31.75 
mm, ±47.63 mm, ±63.5 mm, ±95.25 mm, ±127 mm, and ±190.5 mm (±1.25 in., ±1.875 in., ±2.5 
in., ±3.75 in. ±5 in., and ±7.5 in.), which respectively corresponded to system ductilities of ±1, 
±1.5, ±2, ±3, ±4, and ±6. 
TEST OUTCOMES 
Observations 
After applying the vertical and lateral loads in Phase I, no cracking or any other damage 
observed on the column, pile cap, piles, or their connections. The response of the test unit during 
Phase II was also excellent with an eventual formation of a plastic hinge at the base of the column 
as intended, while the pile cap, piles, and connections remained essentially elastic and undamaged. 
As the design expected, flexural cracks began to develop at the column base when the applied 
lateral load reached 112 kN (25.2 kips). Cracking continued to develop over the lower 914 mm 
(36 in.) of the column as testing progressed and the column lateral displacement was progressively 
increased. When the lateral displacement at the height of the lateral actuator, hereafter referred to 
as the column top lateral displacement, reached 48 mm (1.875 in.), corresponding to the column 
lateral drift ratio of 2.25%, the concrete cover on the base of the column began to crush and spall. 
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The extent of spalling increased during loading cycles of ±63.5 mm (±2.5 in.) (i.e. ±2.98% column 
drift), and the longitudinal reinforcements and reinforcing spiral in the column were exposed 
during loading cycles of ±95 mm (±3.75 in.) (i.e. ±4.45% column drift), as shown in Fig. 6a. 
During loading cycles to ±127 mm (±5 in.) (i.e. ±5.95% column drift), column concrete damage 
extended to the core concrete, and a longitudinal reinforcement buckled between two adjacent 
spirals near the base. When the column was pushed to 191-mm (7.5-in.) lateral displacement, 
corresponding to 8.95% column lateral drift, the longitudinal reinforcement that buckled in the 
previous load step fractured in tension. As the column was subjected to the cyclic displacement of 
±191 mm (±7.5 in.) (i.e. 8.95% column lateral drift), multiple column longitudinal reinforcements 
fractured, and a significant portion of the core concrete was crushed. The condition of the column 
base at the end of Phase II  after the removal of loose concrete is shown in Fig. 6b. Cracking 
appeared in the column connection at the grout-to-CSP interface during loading cycles to ± 32 mm 
(±1.25 in.) (i.e. ±4.45%). During subsequent large displacement cycles in Phase II, the top 19-mm 
(0.75-in.) layer of the grout experienced crushing (Fig. 6c), but the connection maintained its 
integrity and continued to sustain the vertical and lateral load applied to the column. 
System Response 
Fig. 7 presents the measured vertical load as a function of the column top lateral displacement 
with respect to the pile cap. Due to the concave shape of the pendulum bearing base, the vertical 
load increased as the column was laterally displaced with respect to the main reaction beam. To 
avoid overloading the test unit during Phase II, the vertical load was adjusted twice when the 
column top displacement reached -64 mm (-2.5 in.) and -95 mm (-3.75 in.). The presence of 
vertical load caused some lateral resistance at the top of the column due to friction in the pendulum 
bearing. Therefore, the lateral load transferred to the column, which will be referred as the column 
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lateral resistance, was not equal to the load applied by the actuator and had to be determined by 
other means as detailed below. 
Given the curvature at an uncracked column section located at 1.22 m (48 in.) above the 
column base (i.e., the reference section) that was obtained from the strains measured in the two 
extreme column longitudinal reinforcements, the moment at this section was estimated from the 
theoretical moment-curvature versus axial force plot shown in Fig. 8a. Note that the moment 
estimated at the reference section included the component resulting from the P-Δ effect. Therefore, 





where 𝐹𝐹 = column lateral resistance; 𝑀𝑀 = moment estimated at the reference section; 𝑃𝑃 = vertical 
load; ∆1 and ∆2 = eccentricities of the vertical load measured at the reference section and the 
column base; ℎ1  and ℎ2  = distances from where the lateral load was applied to the reference 
section and the column base. 
Fig. 9 presents the moment component at the column base resulting from the estimated column 
lateral resistance (𝐹𝐹ℎ2) and the component resulting from the vertical load (𝑃𝑃∆2), which represents 
the column lateral response. The theoretical moment-deformation responses for the column 
subjected to 1068-kN (240-kips) and 556-kN (125-kips) axial forces were calculated as per 
Priestley et al. (1996), which are also included in Fig. 9 for Phase I and Phase II testing, 
respectively. The good agreement between the calculated and theoretical responses confirmed the 
sufficient accuracy of the estimated lateral load resisted by the column. The column remained 
elastic during Phase I testing, but experienced the stable nonlinear response with dependable 
hysteresis loops during Phase II testing. The response remained essentially elastic until the column 
lateral deformation of up to ±25 mm (±0.98 in.), beyond which inelastic behavior dominated the 
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response with a slight positive slope. The maximum moments reached in the push and pull 
directions were 282 kN-m (2496 k-in.) and -275 kN-m (-2434 k-in.), which were estimated at the 
column displacement of 84 mm (3.31 in.) and -58 mm (-2.30 in.), respectively. The first drop of 
the column base moment occurred when the column displacement reached 116 mm (4.57 in.) due 
to the damage that occurred to the core concrete and buckling of a longitudinal reinforcement. As 
the column was pushed to the deformation of 181 mm (7.13 in.), one column longitudinal 
reinforcement fractured in the plastic hinge region, causing a further drop in moment resistance. 
As more reinforcements fractured when the column was pulled to the deformation of -191 mm (-
7.5 in.), significant strength degradation occurred. 
To illustrate the foundation flexibility, Fig. 10 shows the column lateral load versus the pile 
cap lateral displacement response, which indicated essentially elastic response in both phases of 
testing. The maximum displacements that the pile cap reached in the push and pull directions were 
4.3 mm (0.17 in.) and -4.8 mm (-0.19 in.), respectively. The response exhibited some nonlinearity 
during Phase II due to the formation of permanent gaps between the piles and surrounding soil. 
Performance of Connections 
The strains along the two extreme column longitudinal reinforcements (i.e., Rebar 1 on the 
south side and Rebar 4 on the north side) were instrumented with strain gauges. Fig. 11a and Fig. 
11b present the strain profiles obtained for these two bars for the push (positive load) and pull 
cycles (negative load) during Phase I and Phase II testing, respectively. Some of the gauges became 
malfunctioned during Phase II. In Phase I, the recorded strains were less than 45% of the yielding 
stain, conforming to the elastic column response. Within the connection, the strain penetration was 
seen, but the magnitude of measured strains abruptly reduced to a fraction of that measured at the 
top of the pile cap. The reading became negligible within the lower 152-mm (6-in.) region of the 
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embedded column end. During Phase II testing, the tensile strains in the column reinforcements 
significantly increased compared to those in Phase I, as the column lateral loads increased and the 
vertical load decreased. Prior to the column lateral resistances reaching 81 kN (18.1 kips) and 58 
kN (13.1 kips) in the push and pull directions, the strains along the reinforcements remained 
approximately linear with the magnitudes remaining below the yielding value. As the lateral load 
increased, the strain gauges within the 305-mm (12-in.) region above the top of the pile cap 
experienced inelastic strains, with the largest strains being recorded near the column to pile cap 
interface. Using the applied loads and measured strains, the length of column that experienced 
yielding was estimated to be 470 mm (18.5 in.). Following the model recommended by Priestley 
et al. (1996), the experimental equivalent plastic hinge length of the tested column was calculated 
to be 316 mm (12.4 in.). Reinforcement yielding also penetrated up to 152 mm (6 in.) into the 
connection, but the strains within the connection decreased abruptly. Down from 305 mm (12 in.) 
below the top of the pile cap, the strains maintained below 50% of the yield strain. 
The strain profiles at the north sides of the CSP that created the column socket are shown in 
Fig. 12. With the largest reading of 170 με, the strains in the CSP remained far below its specified 
yielding strain of 1138 με for the duration of Phase I and Phase II. The strains on the north side of 
the CSP consistently varied with the application of the lateral loads. Generally, the gauges captured 
compressive strains for the push cycles and tensile strains for the pull cycles. Few exceptions 
occurred when relatively large pull loads (e.g., 73-kN and 96-kN loads in Phase II) were applied.  
For the duration of Phase I and Phase II, the measured pile penetrations and rotations with 
respect to the pile cap were negligible. Fig. 13a and Fig. 13b present the profiles of the strains 
along the embedded ends of the southwest pile, west pile, and south pile in Phase I and Phase II, 
respectively, in which the strains at the pile tops were taken as zero. During Phase I and Phase II, 
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the measured strains did not exceed 18% of the yielding value. In Phase I, piles remained in 
compression, indicating that the gravity load effects were still predominate. The tensile strains 
were recorded on the southwest and south piles in Phase II. The magnitude of the strains varied 
depending on the magnitude of the lateral load. As the lateral load produced more effect on the 
extreme piles, the strain variations for the southwest and south piles were greater than that of the 
west pile. The strains of the two piles at mid-depth of the embedded portion were approximately 
half of those at the pile cap bottom regardless of the magnitude of the lateral loads, resulting in the 
roughly linear strain profiles. The strains of the CSPs that created the pile sockets for connecting 
the southwest, south, and west piles were also monitored, but the measured values were negligible 
for the duration of Phase I and Phase II. 
DISCUSSION 
Socket Connections 
Visual observations indicated that, except for limited crushing and spalling of the grout 
closure pour near the top of the column socket toward the end of Phase II test, the connections 
remained mostly damage-free when the column flexural capacity was fully developed. The strain 
profiles along the embedded column longitudinal reinforcement into the pile cap reflected the force 
transfer within the connection. In Phase I, with a high axial load and low magnitude lateral forces, 
the force transfer effectively took place within the top half of the connection, with the strains in 
the column bars in the bottom half of the connection being negligible. This observation is 
consistent with that expected based on the stress limit imposed for socket connections by Cheng 
and Sritharan (2019). In Phase II, the column bars strains penetrated deeper into the connection. 
However, the measured strains confirmed that the provided column embedment length of one 
times column diameter was sufficient to develop the column flexural capacity outside the 
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connection above the pile cap. The force transfer capacity of the socket connection was also 
adequately supported by CSP, as evidenced by small measured strains (Fig. 12). The strain profiles 
from CSP also confirmed that the bottom half of the connection did not actively participate in 
anchoring the column bars into the socket connection. Based on these observations, it can be 
concluded that flexural columns with axial load ratios similar to that were used in testing can be 
adequately anchored with a socket connection using an embedment length equal to one times the 
column diameter. Furthermore, the thickness of the CSP could be reduced by as much as 50% or 
more without compromising the connection performance. 
No damage was observed to the pile socket connections during Phase I and Phase II testing, 
allowing the pile to pile cap connection to remain fixed. The force transfer capacity of the socket 
connection was reflected by the approximately linear strain profiles along the embedded length of 
the piles (Fig. 13). By embedding the piles 229 mm (9 in.) (i.e., 1.5 times the pile section depth) 
into the sockets, the connections transferred pile compressive and tensile forces to the pile cap, 
confirming the sufficiency of the pile embedment length. 
Foundation Flexibility 
For the column-pile cap-pile system, it is important to recognize the foundation flexibility, 
which can be quantified using the measured pile cap response. The lateral load-displacement 
response shown in Fig. 10 demonstrate that, as the design required, the foundation remained 
linearly elastic and damage-free when the column flexural capacity was fully developed at the end 
of Phase II. The effect of foundation flexibility on the system response was examined in terms of 
column top lateral displacement. As illustrated in Fig. 14a, the lateral displacement at the top of 
the column consisted of three distinctive components, namely the column flexural deformation 
with respect to the pile cap and those due to pile cap lateral displacement and pile cap rotation. 
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Fig. 14b and Fig. 14c present the proportions of each component to the column top displacement 
for different lateral loads in Phase I and Phase II, respectively. The contribution resulting from the 
pile cap lateral displacement was taken as the measured pile cap displacement, and the contribution 
due to the pile cap rotation was determined by multiplying the measured pile cap rotation with the 
distance from the column top to the mid-depth of the pile cap. The column deformation was then 
calculated by subtracting the contributions of pile cap displacement and rotation from the lateral 
displacement measured at the column top. In Phase I, about 40% of the column top displacement 
was induced by the foundation flexibility, and this proportion remained approximately constant 
regardless of the magnitude of lateral load. Furthermore, the components due to pile cap lateral 
displacement and rotation were approximately the same (Fig. 14b). As the lateral load increased 
in Phase II with the plastic capacity of the column being developed, the contribution of the pile 
cap became small due to the foundation response remaining essentially elastic. The combined 
proportion of the pile cap displacement and rotation components was 10% of the column top lateral 
displacement when the column lateral resistance reached its maximum value of 139 kN (32.3 kips) 
(Fig. 14c). Given the notable contribution of the pile cap displacement and rotation towards the 
column top lateral displacement, it is important to account for the foundation flexibility when 
estimating the column yield and ultimate displacement. Note that the test was conducted in stiff 
clay and therefore larger contribution from foundation flexibility should be expected in softer soils. 
Energy Dissipation 
The area of the column lateral resistance-displacement loop and equivalent viscous damping 
are shown in Fig. 15a and Fig. 15b, respectively. An excellent hysteresis response was obtained 
from the test unit. The area of the hysteretic loop increased almost linearly as the displacement 
ductility increased. The equivalent viscous damping of the system increased from 2.3% for the 
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first cycle at displacement ductility of 1 to 31% for the first cycle at displacement ductility of 6. 
The difference in the equivalent damping was negligible between Cycle 1, 2, and 3. 
Constructability 
Based on the experimental works presented herein, the precast pile cap with column socket 
and pile sockets provides great potential for use in routine practices due to its ease of construction. 
The sockets can be easily established by commercially available CSP serving as stay-in-place 
formwork. Chemical formwork retarder was found to be an efficient method to achieve the desired 
surface roughness at the end of the column. The use of friction collars allows quick assembly of 
the system in all types of ground conditions and facilitates better control on erection tolerances. 
The closure pour for the column socket went smoothly which was due to the following desirable 
features of the grout: high-early-strength, extended working time, and appropriated fluid 
consistency. 
SUMMARY AND CONCLUSIONS 
In recent years, there has been significant interest in using prefabricated components. The 
preformed socket connections have been identified as a viable means to connect prefabricated 
components. A prefabricated column-pile cap-pile system, which utilizes socket connections that 
are created in the precast pile cap using commercially available CSPs, is introduced in this paper. 
To investigate the performance of the prefabricated column-pile cap-pile system as well as the 
connection behavior, an outdoor test was conducted at a cohesive soil site. The unique features of 
the test included the following: 1) incorporation of foundation flexibility, 2) use of steel H-piles to 
design a foundation supporting a column that could resist lateral loads, 3) inclusion of battered 
piles, and 4) use of vertical loads in outdoor lateral load tests. 
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The test unit was subjected to two phases of testing. In both phases, the combinations of 
vertical and lateral loads were applied to the column top, and the column flexural capacity was 
fully developed near the column base in Phase II. Based on the test observations and results, the 
following conclusions can be drawn: 
• The test unit modeling a prefabricated column-pile cap-pile system produced dependable 
performance when subjected to high axial loads and lower lateral forces. These loads 
represented factored design loads in non-seismic regions. There was no damage to the 
column socket and pile socket connections. 
• With a 10% axial load ratio, the same unit exhibited stable hysteretic response when the 
lateral force was gradually increased to form a plastic hinge at the column base. At this 
point, limited crushing and spalling were observed in the column socket connection with 
no damage occurring to pile connections, confirming the adequacy of all connections. 
Given that a properly designed cast-in-place system is expected to form a plastic hinge at 
the column fixed end without damaging the foundation and connections, the test 
observation confirmed that the performance of the prefabricated column-pile cap-pile 
system was at least as good as, if not better than, that of a comparable conventional cast-
in-place system.  
• For the column socket connection, the embedment length equal to one times the column 
diameter is sufficient to allow a plastic hinge to be developed in the column, whereas the 
pile embedment length of 1.5 times the depth of pile is also sufficient to maintain the fixity 
of the pile socket connection. 
• Foundation flexibility produced a significant effect on the system response. About 40% of 
column top displacement was due to the foundation flexibility prior to the formation of a 
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column plastic hinge. As the damage progressed in the column, the foundation flexibility 
had reduced effect on the column top lateral displacement, while it still accounted for an 
important component when the column lateral resistance reached its maximum. 
• The constructability advantages of the prefabricated column-pile cap-pile system are that 
it is quick and simple to build, which has been sufficiently demonstrated. The precast 
column and precast pile cap with no projected reinforcement are easy to build and transport 
and are unlikely to be damaged during construction. Given the friction collar and grout 
with desirable characteristics (including high-early-strength, extended working time, and 
appropriate fluid consistency), the assembly of a column-pile cap-pile system can be 
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Columna 31.2 N.A. N.A. 
Pile capa 39.9 N.A. N.A. 
SCC for filling the pile socketa 48.7 N.A. N.A. 
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Grout for filling the column socketb 66.1 N.A. N.A. 
Reinforcing spiralc N.A. 468.8 682.6 
Reinforcing barc N.A. 437.8 690.9 
Piled N.A. 369.5 498.5 
aTested as per ASTM C39-18 (2018) 
bTested as per ASTM C109-16a (2016) 
cTested as per ASTM A370-14 (2014) 
































Fig. 3. Test unit construction: (a) roughened surface of column end, (b) pile cap prior to concrete 
pour, (c) driven piles, and (d) completed test unit 
  
(a) (b) 





Fig. 5. Test protocol for (a) Phase I and (b) Phase II 
   
(a) (b) (c) 
Fig 6. Observations: (a) damage in the column, (b) column base at the end of Phase II, and (c) 
grout spalling in the column socket connection 
 





Fig. 8. (a) Calculation of moment at the reference section and (b) calculation of column lateral 
resistance 
 
Fig. 9. Column base moments versus column lateral displacement 
 









Fig. 11. Strain profiles along two extreme column longitudinal reinforcements for (a) Phase I and 
(b) Phase II 
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(a) (b) (c) 
Fig. 14. (a) Components of column top lateral displacement, (b) their proportions for Phase I and 
(c) Phase II 
  
(a) (b) 
Fig. 15. (a) Area of hysteresis loops and (b) equivalent viscous damping 
